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domains 10, 18 ; here we show that it also has a remarkable impact on the electronic properties of the domain walls.
We choose ErMnO 3 as our model hexagonal manganite, although we expect similar behaviour in the other members of the series. Ferroelectricity in ErMnO 3 emerges at T C ∼ = 833 K (ref. 19) . Six trimerization-polarization domains are formed with a spontaneous polarization ±P z pointing along the hexagonal z-axis, as reported previously for YMnO 3 (refs 10,18) . In spite of the uniaxial 6mm point symmetry the domains possess a nearly isotropic three-dimensional distribution, with a domain size of the order of 1 µm. For our studies, platelets with a thickness of about 200 µm and a lateral extension of typically 1 × 3 mm 2 were cut and chemo-mechanically polished with a silica slurry. The platelets were oriented perpendicular to the z-or x-axis so that they possessed an out-of-plane and an in-plane polarization, respectively 18 . Samples were investigated by conductive atomic force microscopy (c-AFM) and piezo-response force microscopy (PFM) at ambient conditions. Figure 1a -c shows c-AFM measurements at different bias voltages. They were obtained on the z-oriented sample in a region remote from any domain wall intersection. The image series reveals that the obtainable c-AFM contrast is bias-dependent. At −1 V, opposite domains with +P z and −P z are clearly distinguishable and exhibit different local conductance 20 (Fig. 1a) . The c-AFM brightness changes across w struct ∼ 30 nm at each of the two corresponding domain walls. The change in contrast constitutes a resolution-limited upper bound for the wall width, which is the length scale on which the polarization reverses. At a bias voltage of about −1.6 V, regions separating opposite domains become visible. These regions encase the domain walls centrically and possess a conductance lower than that within the domains. With a further increase of the bias voltage the width of these low-conductance regions increases to w dress ∼ 140 nm at −3.5 V. This strikingly exceeds calculated values of the domain wall width generally reported for ferroelectrics [21] [22] [23] .
Thus, we suggest that two characteristic length scales should be distinguished 24 . First, we have the usual 'structural wall' defined by the reversal of the spontaneous polarization and associated with the characteristic displacements of ions. Our measurements indicate that the width w struct < 30 nm. Second, we have an 'electrically dressed wall' defined by the region in which the local conductance deviates from that within the bulk domains. The width of this region, w dress ∼ 10 2 nm, is bias-dependent Error bars represent the error of the fit parameter for the maximum value. The domain wall conductance can either be higher or lower than the bulk conductance, varying by more than one order of magnitude.
( Fig. 1d ). Our calculations (an analytical solution of the Poisson equation combined with a numerical solution by the finite-element method) indicate that the width of the electrically dressed wall is determined by accumulation/depletion effects of itinerant charge carriers and the resulting nontrivial landscape of conductivity in the vicinity of the domain wall (see Supplementary Information). In Fig. 1e we compare the measured current-voltage characteristics of opposite polarization domains and of the electrically dressed walls separating them. We find that the conductance of the domains can be described by interface-limited Schottky conduction 25 (see fits in Fig. 1e ), whereas the dressed walls exhibit a more complex current-voltage characteristic, with a plateau from −1.6 to −2.4 V. As consequence, a crossover near −1.9 V occurs ( Fig. 1e inset) where the conductance at the dressed walls falls below that of the bulk domains; this is the bias voltage where they become observable.
To understand the phenomenon of electrical dressing of domain walls, we repeated the bias-dependent conductance measurements in the highly anisotropic yz-plane, that is, in the plane of the spontaneous polarization. We find strikingly different conductance behaviour. Figure 2a shows the PFM image of a region in the yz-plane of our ErMnO 3 sample, with the white arrows indicating the orientation of the spontaneous polarization in the plane. The characteristic intersection of six domains described previously 10, 18 is clearly visible. The inset to Fig. 2a shows the c-AFM data for the same region. It reveals that the domain walls meeting at the intersection have orientation-dependent conductance properties indicated by the different brightness of the c-AFM signal. Figure 2b shows a larger surface area including two intersections. We see that the c-AFM signal along the walls changes smoothly between dark and bright across length scales of a few micrometres. The brightest signal (high conductance) is found at walls where the polarization meets tail-to-tail. In contrast, the darkest signal (low conductance) occurs at walls in the head-to-head polarization configuration. In Fig. 2c we investigate the bias-dependent conductance at points on the six domain walls leading to the upper intersection in Fig. 2b in comparison with the conductance of a bulk domain. The two points in tail-to-tail regions are more conductive (red curves), and the four points in head-to-head regions are less conductive (purple and green curves) than the bulk. In Fig. 3a we present the angular dependence of the normalized local conductance G norm . It is determined according to G norm (α) = (I wall (α) − I bulk )/I bulk by measuring the current I wall (α) while moving along a 'domain wall loop' such as shown in Fig. 2b . Here, α represents the angle between the local wall normal and the direction of the ferroelectric polarization P z such that α = 0 • corresponds to a headto-head wall and α = 180 • to a tail-to-tail wall (see Supplementary Information for details).
We find a distinctly nonlinear relationship between the orientation and the conductance of the domain wall. The difference in conductance at head-to-head and tail-to-tail domain walls can be understood using the schematics and density functional calculations (details are provided in the Supplementary Information) in Fig. 4 . At tail-to-tail domain walls (Fig. 4a) , the adjacent bound negative charge layers cause an energetically costly divergence in electrostatic potential that must be ameliorated by the accumulation of positive charge. As ErMnO 3 is a p-type semiconductor 10, 20, 26 this can be achieved using the readily available mobile hole carriers. At the same time, the variation in electrostatic potential (Supplementary Fig. S3 ) shifts the Fermi level at the tail-to-tail walls into the broad O(2p)−Mn(3d) valence band, where the carrier effective mass is low and the corresponding hole mobility is high. In contrast, at head-to-head walls (Fig. 4c ) the bound positive charge layers require negative charge for screening. Because free negative charges (electrons) are scarce in a p-type semiconductor (and any carriers generated by the polar divergence of the wall, as in Fig. 1d , would anyway be required to occupy the narrow, high-effective-mass d z2 band), screening can only be achieved by bound charges such as cation vacancies, which do not contribute to the conduction. At parallel domain walls there is no polar discontinuity and the background conductance of the system is expected (Fig. 4b) .
The orientation-dependent spatial distribution of conductivity around charged domain walls in semiconductors was recently predicted in an equilibrium model by Eliseev and colleagues 27 . Here we apply their model to see if it is consistent with our results. We find, however, that to reproduce our data we need to go beyond the calculation of the equilibrium conductivity, and instead calculate the conductance, based on the actual, non-equilibrium flow of current from the expanded c-AFM tip through the sample, both within and outside the region defining the domain wall.
The local conductivity is proportional to the equilibrium density of holes p = p 0 exp(−eφ/k B T ), where p 0 is the density of acceptors and φ is the electrostatic potential. As discussed by Eliseev et al. in ref. 27 this potential is obtained from Poisson's equation
which determines the variation of the potential in the direction normal to the wall. Integrating equation (1) and using the boundary (2)), respectively. b, Data points and red line show the measured and calculated (see Supplementary Equation (S4) ) angular dependence of the domain wall width, respectively. The data points were derived by fitting a Gaussian profile to cross-sections perpendicular to the wall in Fig. 2b . Error bars represent the error of the fit parameter for the width. A pronounced increase in wall width is observed for the head-to-head domain walls. Note that the data points in a and b were taken in the range from 0 • to 360 • and are shown twice for better visual clarity. c, Computed spreading of the current injected by the c-AFM tip at a head-to-head domain wall. Owing to the depletion of charge carriers (holes) at the wall the outer environment is more conductive and the current spreads out. d, Computed current distribution at a tail-to-tail wall. Although the conductance is locally enhanced, a remarkable leakage out of the domain wall occurs. The white arrows in c and d indicate the orientation of the polarization along z.
conditions, φ(±∞) = 0 and φ (±0) = ∓(P z /ε)cos α, we obtain the potential at the domain wall
where Π 2 = P 2 z /(εk B Tp 0 ). The blue curve in Fig. 3a shows the normalized conductivity σ norm at the domain wall with the domain wall conductivity σ DW (α) ∝ exp(−eφ DW /k B T ) calculated using this method. The strongly non-sinusoidal angular dependence is indicative of the nonlinear regime of screening of the charged domain walls: for realistic values 26 -P z = 5 µC cm −2 , ε = 50ε 0 , and p 0 = 2 × 10 19 cm −3 -we obtain Π 1, which precludes a simple linear relation between φ DW and the density of bound charges accumulated at the surface of the domain wall, 2P z cos α (ref. 28) . The significant deviation of the measured normalized conductance G norm (α) from the calculated conductivity at the domain wall indicates that the injected electric current spreads beyond the domain wall of thickness w struct . Thus, the conductivity of the adjacent region is also probed. To obtain the actual conductance, we solve the continuity equation ∇ · j = 0 for the current j = −σ ∇δφ, where σ is the local conductivity and δφ is the change of potential due to a bias voltage, under the boundary conditions imposed by the tip (see Supplementary Information) . This solution reveals a spreading that is obvious for the head-to-head walls (Fig. 3c ). They are surrounded by a more conductive environment owing to the depletion of charge carriers in the wall. However, a strikingly pronounced spreading of the current is also present for negatively charged walls (Fig. 3d ) in spite of their locally enhanced conductivity. From the distribution of current we obtain the conductance
where σ bulk is the bulk conductivity and r/w(α) is the ratio between the radius of the c-AFM tip and the effective orientationdependent width w(α) of the domain wall as determined by the accumulation or depletion of holes (see Supplementary Information). Equation (3) directly leads to the normalized conductance (red curve in Fig. 3a) , which reproduces the measured data points in Fig. 3a in a strikingly accurate way. By inserting parameters we can now describe the measured orientation dependence of w dress as seen in Fig. 3b . A rough estimation indicates that ∼6 × 10 13 holes per cm 2 are required (∼0.1 per formula unit) to completely screen the bound charges at tail-to-tail walls when P z = 5 µC cm −2 . For the bulk charge carrier density p 0 this corresponds to a delocalization of screening charges over ∼60 nm, which is consistent with the range of values measured for w dress .
In summary, we have demonstrated that the conductance at ferroelectric domain walls in hexagonal ErMnO 3 varies continuously with the orientation of the wall. The variation of the conductance by an order of magnitude between head-to-head and tail-to-tail domain walls is the combined consequence of carrier accumulation and band-structure changes at the walls. Both of these effects were derived theoretically, using phenomenological electrostatic and ab initio density functional theory, respectively.
In conventional ferroelectrics such energetically unfavourable head-to-head and tail-to-tail domain walls are usually avoided. However, their presence is enforced in ErMnO 3 because of the protected topology of intersecting domain states in hexagonal manganites 10, 18 . As ferroelectric domain walls, in particular those with no strongly preferred crystallographic orientation as in the present case, can be routinely modified using electric fields, our results suggest a new degree of flexibility for domain boundary engineering 29 and oxide-based devices, in which interfaces can be dynamically modified even after assembly into a device architecture.
